Molecular dynamics simulation of the effect of hydrophobic cosolutes on the neutral hydrolysis of an activated ester by Rispens, Theo et al.
  
 University of Groningen
Molecular dynamics simulation of the effect of hydrophobic cosolutes on the neutral
hydrolysis of an activated ester
Rispens, Theo; Lensink, MF; Berendsen, HJC; Engberts, JBFN
Published in:
Journal of Physical Chemistry B
DOI:
10.1021/jp037120o
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2004
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Rispens, T., Lensink, MF., Berendsen, HJC., & Engberts, JBFN. (2004). Molecular dynamics simulation of
the effect of hydrophobic cosolutes on the neutral hydrolysis of an activated ester. Journal of Physical
Chemistry B, 108(17), 5483-5488. https://doi.org/10.1021/jp037120o
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 12-11-2019
Molecular Dynamics Simulation of the Effect of Hydrophobic Cosolutes on the Neutral
Hydrolysis of an Activated Ester
Theo Rispens,† Marc F. Lensink,‡ Herman J. C. Berendsen,‡ and Jan B. F. N. Engberts*,†
Physical Organic Chemistry Unit, Stratingh Institute, UniVersity of Groningen, and Groningen Biochemistry
and Biotechnology Institute (GBB), Department of Biophysical Chemistry, UniVersity of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands
ReceiVed: October 15, 2003
We have studied, by means of molecular dynamics (MD) simulations, the effect of two hydrophobic cosolutes,
tert-butanol (t-BuOH) and ethanol (EtOH), on the neutral hydrolysis of p-methoxyphenyl dichloroacetate
(MPDA) in water. Shifts were calculated in a pre-equilibrium, defined as a spatial distribution of the reacting
molecules satisfying specific geometric constraints. The criteria applied represent the configurations from
which the reaction can take place (reactive conformation, RC). The shifts induced by the presence of cosolute,
as determined from the simulations, correspond well to the experimentally found rate retardations. In accord
with experiments, an almost linear correlation between the concentration of added cosolute and the logarithm
of the rate constant was found. This is in agreement with a simple mechanistic model. The percentage of RCs
in pure water was calculated to be 15%, complementing earlier work performed in this group (Lensink, M.
F.; Mavri, J.; Berendsen, H. J. C. J. Comput. Chem. 1999, 20, 886), leading to a calculated rate constant of
kcalc ) 3.9  10-3 s-1 (exptl: kobs ) 2.78  10-3 s-1). The molecular structure of the RC was examined more
extensively, investigating correlations between the positions of participating molecules.
Introduction
Chemical reactivity in the liquid phase is a subject that
continues to offer many challenges to both experimental and
theoretical chemists and physicists. Because of its complexity,
a general comprehensive theory is lacking. Nevertheless, a
variety of theories do exist, the most useful of them still being
transition state theory (TST).1-3 The main advantage of TST is
the direct link of kinetics with thermodynamics, making it highly
useful for studies of chemical reactivity in diverse media. The
differences in reaction rates found for a reaction performed in
different solvents can be straightforwardly linked to the differ-
ences in chemical potentials of the reactants (initial state, IS)
and the activated complex in these solvents.4-6 This activated
complex (transition state, TS) is the structure corresponding to
the highest Gibbs energy along the reaction path (excluding the
reaction coordinate itself). Within TST, the problem of chemical
reactivity therefore reduces to a thermodynamic problem. This
is also the weak point of TST: simple mechanistic effects such
as the availability of reactive configurations in the initial state
disguise as a thermodynamic property.
The solvent is often a major factor of importance in governing
the rates of chemical reactions. Besides pure solvents, mixtures
of solvents have frequently been studied as reaction media. The
most interesting mixtures are those where one of the components
is water. Water has many peculiar properties, one of them being
its beneficial behavior as a solvent for many organic transforma-
tions, despite obvious solubility constraints.7 Moreover, all life
processes are based upon aqueous chemistry. Many studies have
been devoted to hydrophobic interactions,8-12 that may occur
between a cosolvent (or cosolute) and a reacting solute, thereby
often stabilizing the IS with respect to the TS. For these
processes, it is still unclear as to what exactly occurs at the
atomic level.
In this paper, we will focus on solvent effects on reaction
rates where the solvent consists of water and a low percentage
of a simple, inert, monohydric alcohol. The reacting solute is
an activated ester molecule, that is easily hydrolyzed in an
aqueous environment (solvolysis). In general terms, the rate
constants for a reaction at different concentrations of alcohol,
compared to the rate at zero concentration, can be expressed as
the difference in chemical potentials of the IS and the TS as
caused by interactions between the IS and the TS with the
alcohol.13,14 Alternatively, in the molecular or atomic description,
one can focus on the local effects that arise upon adding the
cosolute, for example, a changed local water density around
the reactive center versus a changed macroscopic water activity
at a lowered volume fraction of water. For this purpose, one
can use molecular dynamics (MD) simulations,15 where ther-
modynamic properties follow from computer simulations, based
upon a simple atom-atom pair-interaction model. The evolution
of atomic coordinates forms trajectories that can give insight
into the molecular dynamics of the system at the atomic level.
The elegance and ease-of-use makes MD a valuable tool in the
study of molecular behavior of organic compounds in aqueous
mixtures.
Many simulations of pure water and pure alcohol systems
have been performed.16-18 Despite the inherent simplicity of
the pair-interaction potentials that are commonly used, and the
fact that these were fitted to the properties of the pure
components, the use of traditional combination rules for pair-
interaction parameters yields an overall satisfactory agreement
with experiment.19-21 Most simulation studies of water-alcohol
mixtures focus on water-methanol,19-25 but mixtures of water
and t-BuOH have also received attention.26,27
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We have studied the influence of tert-butanol (t-BuOH) and
ethanol (EtOH) as cosolutes on the neutral hydrolysis of
p-methoxyphenyl dichloroacetate (MPDA) in aqueous solu-
tion.28-30 In this water-catalyzed reaction, the activated complex
(Figure 1) contains two water molecules, with a proton transfer
between these two water molecules being the rate limiting step.
Concerted with this proton transfer, a covalent bond is formed
between the nucleophilic water oxygen and the ester carbonyl
carbon. The rate at which this hydrolysis occurs depends not
only on the Gibbs energy of the ester but also on the activity of
the water molecules involved in the reaction. The molecular
picture underlying the thermodynamics was explored by two
different approaches: (i) consideration of the fraction of
configurations suitable for a reaction to occur and (ii) a simple
model in which cosolute molecules can block one or both sides
of the reaction center.
For the conversion of any single ester molecule, it is crucial
that two water molecules are available, one as the nucleophile
and a second one as general base. This notion is taken as the
starting point for studying the influence of cosolutes on the
reaction using MD simulations. If transition state effects are
disregarded, changes in rate (upon adding cosolute) will be the
result of changes in the number of configurations that may lead
to conversion. The number of these reactive conformations
(RCs), denoted by xreactive, then directly monitors the influence
of cosolute on the rate.
The observed pseudo-first-order rate constant in pure water
is kobs ) 2.78  10-3 s-1 at 298 K.28 The effect of alcohols on
the rate of this hydrolysis reaction has been determined
(Experimental Section). For low concentrations of solute and
cosolute, the assumption can be made that the (co)solute
molecules interact with each other independently, resulting in
a linear dependence of the logarithm of the observed rate
constant on the alcohol concentration.13,14
Mechanistic and Thermodynamic Description
Consider the neutral hydrolysis reaction of ester E with water,
with the apparent first-order rate V ) k0[E]. The reaction can
take place by nucleophilic attack by a water molecule on either
side of the Cs(CdO)sO plane. In the absence of cosolvent,
both sides are available and the overall reaction is composed
of two parallel reactions with rate constants 1/2k0. In the presence
of cosolvent C, an EC complex can be formed that will block
one side of the plane or a CEC complex is formed with both
sides blocked:
Under the simplest assumption that binding to one side is
independent of the occupation of the other side, the first
equilibrium has a binding constant of K and the second a binding
constant of 1/2K. The factor 2 results from the availability of
two binding sites in the first equilibrium versus one binding
site in the second. The overall reaction rate is
The bruto ester concentration is [E]0 ) [E] + [EC] + [CEC],
and the apparent hydrolysis rate is V ) k[E]0. From equilibrium
considerations, we find that the observed rate constant k relates
to the cosolvent concentration, expressed as molality m, as
It appears that this relation is approximately linear in a plot of
ln k versus m. This implies that this simple mechanistic model
can also be expressed as a linear dependence of the activation
Gibbs function in TST on the cosolvent molality.
An alternative way of expressing the influence of C on the
reaction rate is to consider the fraction xreactive of water
configurations around the ester molecules (on either side of the
plane) suitable for the reaction to occur. This fraction is directly
accessible from MD simulations. In this work, we assume that
the sole action of the cosolvent is its influence on xreactive.
Computational Details
All MD simulations were performed with the GROMACS
1.6 package,31 using the GROMOS-87 force field32 and the SPC
water model.33 The systems consisted of a periodic box with,
besides the solute and cosolute, approximately 700 water
molecules, which were coupled to a temperature bath at 298 K
and a pressure bath at 1 bar with coupling constants of 0.1 and
1 ps, respectively.34 A spherical cutoff of 1 nm was employed.
Bond lengths were constrained using the LinCS algorithm.35
Equations of motion were integrated by the Verlet leapfrog
integration scheme with a time step of 2 fs. Partial atomic
charges for the solute were determined by fitting them to the
electrostatic potential in a solvent reaction field (AM1-SM136)
and to the calculated dipole moment.37 The molecular geometries
for EtOH and t-BuOH were taken from the optimized potentials
for liquid simulations (OPLS) force field.18 Initial configurations
were generated by randomly positioning the solute and cosolute
molecules in the box and subsequently adding water molecules.
The systems were equilibrated for 300 ps before sampling was
started. Simulation lengths were typically between 1.0 and 2.0
ns, which allows time for diffusion over the average distance
between solute and cosolvent molecules and therefore suffices
to obtain equilibrium distributions for the solute environment.
A reactive conformation (RC) was defined as having the
nucleophilic water molecule within a particular distance and
angle from the carbonyl functionality (based upon possible
orbital overlap during the activation process) and a second water
molecule, that is acting as a general base, within a specific
distance and angle from the first one (based upon conventional
hydrogen bond criteria), as illustrated in Figure 2. The carbonyl
planar group is situated in the xy plane. Furthermore, the
constraint r3 > r1 was applied; that is, the carbonyl oxygen-
water hydrogen distance was greater than the carbonyl carbon-
water oxygen distance. Similar criteria have been previously
used for defining configurations, suitable for a reaction to
Figure 1. Reaction mechanism for the neutral hydrolysis of p-
methoxyphenyl dichloroacetate.
E + C a EC V ) 1/2k0[EC] (1)
EC + C a CEC V ) 0 (2)
V ) k0[E] + 1/2k0[EC] (3)
k )
k0(1 + 1/2Km)
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occur.39 Since the distance and angle criteria are not sharply
defined, they were varied to study their effect on the reactive
fraction x.
Results
Table 1 shows the dependence of the percentage of RCs on
the selection criteria. x stands for the percentage of RCs in the
pure aqueous solution (xreactive), while x′ stands for the same
quantity in the t-BuOH-water mixture. Table 1 shows that,
although the percentage of RCs is rather significantly dependent
on the exact values of the selection criteria, the ratio is not.
Changes in the maximum angle led to a variation in the ratio
typically within 6%, while changes in the maximum distance
led to a scattering within 10%.
The last row in Table 1 shows that the criterion r3 > r1 rules
out a large number of RCs, while not changing the ratio x′/x.
This is, however, a rather important criterion, since, without it,
the nucleophilic water molecule can have a hydrogen pointing
toward the carbonyl group and the reaction would not take place.
We will therefore apply this criterion unless mentioned other-
wise. This criterion was also previously applied39 for the
definition of an RC.
To obtain insight into the steric effect which the phenyl
moiety may have on the occurrence of RCs, a correlation was
defined between the position of the phenyl ring (indicated by
the first arrow between the parentheses) and the position of the
RC (defined by the position of the nucleophilic water molecule
and indicated by the second arrow), both relative to the MPDA
carbonyl plane (Figure 3):
For example, p(vjV) stands for the probability that the phenyl
ring is located above the carbonyl plane (v), given a RC below
that plane (V). rcorr can range from -1 (phenyl ring and water
always on opposite sides of the carbonyl plane) to +1 (always
on the same side). A value of 0 indicates no correlation. No
dependence of rcorr on the presence of cosolute could be detected.
Averaged over all the simulations, an anticorrelation of 42%
was found (rcorr ) -0.42 ( 0.05). This means that 29% of the
RC is found on the same side as the phenyl ring and 71% on
the opposite side. We conclude that the formation of any RCs
is negatively affected by the steric hindrance of the phenyl ring
on the side of the carbonyl plane where it resides. This effect
is independent of the cosolute.
The results for a particular choice of criteria are summarized
in Table 2. The values of x′ (fraction of RCs in the water-
alcohol mixture) show that the presence of cosolute significantly
decreases the number of RCs. In Figure 4, the experimental
values of ln(k/k0) and calculated values of ln(k/k0) ()ln(x′/x))
are plotted versus the molality of alcohol. It appears that the
experimentally found retardations can conveniently be explained
by the decreased number of RCs, although the calculated values
are invariably overestimated by a factor of 1.5-2. A nearly
linear trend is found, as was predicted.13,14 The solid lines in
Figure 4 are fits using the simple mechanistic model (eq 4).
The corresponding binding constants are 0.54 and 1.00 for EtOH
and t-BuOH, respectively, on the basis of the experimental
values, and 0.75 and 1.84, respectively, on the basis of the
calculations.
An attempt was made to separate effects on nucleophilic water
molecules and water molecules acting as general base. x′h1
stands for the fraction of RCs in the water-alcohol mixture
where the criterion that a second water molecule should be
present is left out; that is, it is assumed to be always present.
The column x′/x′h1 shows that, in close to 90% of the cases
Figure 2. Frame of axes used for defining the reactive conformations
according to the constraint parameters described in the text.
TABLE 1: Computational Results for the Neutral
Hydrolysis of MPDA in t-BuOH-Watera














x at 0 mol %
t-BuOH 0.5 1.0 1.5 2.0
0.36 45 0.31 26 0.146 0.77 0.65 0.49 0.35
0.35 45 0.31 26 0.101 0.78 0.67 0.47 0.37
0.34 45 0.31 26 0.0661 0.78 0.70 0.47 0.39
0.36 35 0.31 26 0.122 0.79 0.65 0.48 0.35
0.36 55 0.31 26 0.156 0.78 0.64 0.49 0.35
0.36 45 0.30 26 0.137 0.78 0.64 0.49 0.35
0.36 45 0.29 26 0.119 0.79 0.66 0.51 0.34
0.36 45 0.31 30 0.149 0.78 0.65 0.49 0.36
0.36 45 0.31 20 0.138 0.77 0.63 0.48 0.34
0.36 45 0.31 26 0.391 0.78 0.70 0.51 0.43
a r1, ı1, r2, and ı2 are as defined in Figure 2. r3 > r1 except in the
last row.
Figure 3. The bond indicated with an arrow is used to determine the
position of the phenyl moiety (above or below the plane of the ester
group), as described in the text.
TABLE 2: Computational Results for Water-Alcohol
Mixturesa
mol % alcohol x′ x′h1 x′/x′h1 x′/x ln(x′/x)
0.5 t-BuOH 0.112 0.126 0.89 0.767 -0.265
1.0 t-BuOH 0.095 0.101 0.88 0.651 -0.430
1.5 t-BuOH 0.072 0.079 0.91 0.493 -0.707
2.0 t-BuOH 0.051 0.059 0.87 0.349 -1.05
1.0 EtOH 0.123 0.139 0.88 0.842 -0.171
2.0 EtOH 0.097 0.110 0.88 0.664 -0.409
3.0 EtOH 0.074 0.084 0.88 0.507 -0.680
x xh1 x/xh1
H2O 0.146 0.160 0.91
a Using the criteria r1
max ) 0.36 nm, ı1
max ) 45°, r2
max ) 0.31 nm,
ı2
max ) 26°, and r3 > r1.
rcorr ) -
1
2(p(vjV) - p(vjv)p(Vjv) + p(vjv) + p(vjV) - p(VjV)p(vjV) + p(VjV))
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when the nucleophilic water molecule is present at a reactive
position, there is, in fact, also a second water molecule present
that can pick up the proton. Since this percentage seems not to
depend on the concentration of alcohol, one can conclude that
the rate retardation primarily stems from the effect of the
cosolute on the nucleophilic waters and that there is hardly any
effect on the waters acting as general base.
To investigate the effect of the cosolute on the occurrence of
any RC or, rather, on the presence of the nucleophilic water
molecule, radial distribution functions (RDFs) were calculated
for the t-BuOH and EtOH carbon atoms around the MPDA
carbonyl carbon (Figure 5). The RDFs were calculated over all
simulations. The RDFs show a tendency for the cosolute
molecules to reside in the vicinity of the carbonyl group, with
peaks at 0.5 nm (t-BuOH) and 0.45 nm (EtOH). RDFs were
also computed for RCs only. Two cases are discerned. In the
first case, RDFs were calculated for only the same side of the
Cs(CdO)sO plane as the nucleophilic water molecule.38 It is
expected that, for a RC to form, no cosolvent molecule can be
present near the carbonyl group, and indeed, the peaks in the
RDFs became significantly lower, as well as shifted by +0.05
nm. In the second case, RDFs were calculated for only the
opposite side of the Cs(CdO)sO plane. If the simple blocking
model is correct, the presence of a cosolute molecule near one
side of the carbonyl group should not hamper the formation of
a RC with the nucleophilic water molecule on the other side.
However, we find that, also in this case, the peaks have lower
intensity, albeit not as low as in the first case. The effect is
more prominent for t-BuOH than for EtOH. The phenyl ring,
that was found to be anticorrelated with the occurrence of a
RC, most likely is responsible for this effect: it will transfer
the occupancy by the cosolute molecule to the other side of the
Cs(CdO)sO plane, because it necessarily cannot occupy the
same space as the cosolute molecule.
Figure 6 shows the positions of the nucleophilic water
molecules, projected in the xy plane, for the pure aqueous
solution and for two concentrations of t-BuOH. No correlation
is found between the position of a reactive water molecule
relative to the ester molecule: within the cone of the applied
selection criteria, the RCs are distributed evenly. This is the
case for the pure water simulation as well as in the presence of
cosolute, indicating that the cosolute has no preference to bind
to a specific region of the ester molecule. This is confirmed
also by RDFs around different positions in the MPDA molecule.
Discussion
In a previous study, we simulated the pH-independent
hydrolysis reaction in pure water.39 A configuration involving
two water molecules bound at an ionic distance, as depicted in
Figure 1, was used as the starting point, from which the reaction
rate was calculated by combining a Gibbs energy calculation
Figure 4. Plots of experimental values of ln(k/k0) and calculated values
of ln(k/k0) ()ln(x′/x)) vs alcohol molality for (a) EtOH and (b) t-BuOH.
The solid lines represent fits according to eq 4. In the case of t-BuOH,
also the effect of the reduced concentration of water due to the presence
of t-BuOH (volume exclusion) is shown.
Figure 5. Plots of the radial distribution functions of the carbon atom
next to the hydroxy group for (a) EtOH and (b) t-BuOH around the
carbon atom of the carbonyl group of the ester. Further explanation is
given in the text.
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of an activated state prior to the proton transfer with a quantum
dynamical simulation of the proton transfer rate. A rate constant
of kAS ) 2.7  10-2 s-1 was found. The criteria that define the
starting configuration equal those applied to the RC in the
current work and represent an additional entropic term in the
Gibbs function, since the RC is present in the system only a
fraction of the time (xreactive). If we include this additional term
in the calculation of the rate constant, using the selection
parameter values from the first row in Table 1 (xreactive ) 0.146),
we get an overall rate constant of kcalc ) xreactivekAS ) 3.9 
10-3 s-1, which is in excellent agreement with the experimen-
tally observed value of kobs ) 2.78  10-3 s-1.
In the presence of cosolvent, the occurrence of the RC
decreases because cosolvent molecules bind to the ester in a
way that prevents formation of the RC. Both experimental and
theoretical results are in agreement with a simple model that
assumes a binding constant of K (expressed in reciprocal molal).
However, the measured binding constants (0.54 and 1.00 for
C ) EtOH and t-BuOH, respectively) are smaller than the
binding constants predicted from simulation (0.75 and 1.84,
respectively). This is most likely due to inaccuracies in the force
field used, which has not been optimized for the interactions
occurring in this specific application. A difference of a factor
of 2 in binding constants represents <2 kJ/mol in the free energy
of binding, which is an inaccuracy to be expected from
unoptimized force fields. We shall briefly discuss other possible
causes.
Since water is a (much) smaller molecule than ethanol or
tert-butanol, simple volume exclusion would already cause an
apparent binding constant when the latter is expressed as a
concentration ratio (molarity, mole fraction, or molality).
However, volume exclusion of water accounts for only 15% of
the experimentally found rate retardation (Figure 4).40 Therefore,
the rate retardation is not solely due to random encounters
between solute and cosolute molecules but involves an element
of true binding. Volume exclusion is automatically included in
MD simulations.
We have assumed that there is no effect of the cosolute on
the reaction rate of the RC, once formed. This is certainly an
oversimplification, and there are three possible effects. First,
the activated complex from which the proton transfer to the
second water molecule takes place may have a different Gibbs
energy of activation, for example, by a difference in stabilization
of the more polar activated state because of the reduced
dielectric permittivity of the water-cosolute mixture. This would
raise the activation barrier and lower the reaction rate. Another
cosolute effect could be on the potential curve seen by the
transferring proton: after the proton transfer, the complex is
more polar and could therefore be less stabilized by the solvent
in the presence of cosolute. This would also decrease the reaction
rate. Finally, the potential fluctuations that drive the proton
transfer could be influenced (most likely reduced) by the
presence of the cosolute and also reduce the reaction rate. While
all these effects need further investigation, they would lower
the reaction rate and could explain a lower experimental rate
compared to the rates predicted by MD. We do find the opposite,
however, and conclude that these effects are small compared
to the inaccuracies of the force field.
Conclusions
To our knowledge, this is the first MD study of chemical
reactivity in mixed aqueous solutions. While we were able to
reproduce the nearly linear relation between the logarithm of
the rate constant and cosolute concentration, the absolute slope
is still off by a factor of 2. However, the results prove the
possibility of calculating the trends in rate retardation effects
versus cosolute concentration. The results show that the preven-
tion of nucleophilic water molecules from approaching the
carbonyl functionality is the main cause of the retardations and
that this is caused by alcohol molecules preferentially solvating
the ester molecule. In previous work, we examined the step RC
f TS in pure water in detail, separating the final reaction rate
constant calculation into various classical and quantum-me-
chanical and dynamical contributions.39 In the present study,
we have considered an extension to that calculation, correcting
Figure 6. Scatter plot showing the RC nucleophilic water oxygens
projected onto the xy plane over a 1.6 ns MD simulation of a MPDA-
t-BuOH-water system. The slightly empty region in the northwest
corner corresponds to the carbonyl oxygen. For the coordinate axes,
see Figure 2.
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for the probability of the RC, leading to satisfactory agreement
with experiment.
Experimental Section
p-Methoxyphenyl dichloroacetate (MPDA) was prepared
according to literature.41 Ethanol and tert-butanol were analytical
grade. Demineralized water was distilled twice in an all-quartz
unit. Solutions were made up by weight and contained HCl to
suppress catalysis by hydroxide ions. The pHs of the solutions
were in the range 3.5-4.5.
Pseudo-first-order rate constants were determined by follow-
ing the change in absorption at 288 nm for about six half-lives
using a Perkin-Elmer ì5 spectrophotometer. Approximately 9
íL of a concentrated stock solution of MPDA in acetonitrile (2
 10-2 mol dm-3) was added to the reaction medium (2.5 mL)
in quartz cells, thermostated to 25.0 °C. Rate constants were
determined using a fitting program and were reproducible to
within 1%.
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